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Abstract 8 
Non-structural components contribute significantly to the lateral stiffness of a cold-formed steel 9 
(CFS) building structure, but are cumbersome to model explicitly in the structural analysis. 10 
They are therefore commonly ignored in a 3D structural analysis, and their benefits are lost to 11 
the design. This paper proposes an efficient modelling method that enables practical and 12 
accurate 3D elastic analysis of a multi-storey CFS building structure to study its lateral 13 
behaviour within the serviceability limit state. Each shear or gravity wall is represented by an 14 
equivalent shear modulus four-node orthotropic shell element, which incorporates the lateral 15 
stiffness (or flexibility) contributions of all components including sheathing, braces and 16 
fasteners as present in the wall. The equivalent shear modulus is determined from the 17 
experimental test of a representative wall panel, or from the analysis of a finely detailed finite 18 
element model of the panel. The resulting two-storey building model, which has much fewer 19 
degrees of freedom compared to conventional models, is verified against full-scale shake table 20 
test results with respect to the natural period, the peak storey drift and the peak floor 21 
acceleration at two different construction phases. This paper demonstrates that the proposed 22 
modelling method not only saves analysis time considerably through the drastic reduction of 23 
degrees of freedom, but also compares favourably against a published modelling method in 24 
terms of accuracy and modelling efforts.  25 
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1. Introduction 29 
Cold-formed steel (CFS) members are increasingly used as primary structural components in 30 
building systems around the world. However, in Australia the use of CFS members for load 31 
bearing applications in mid-rise buildings has been extremely limited. Improvements to the 32 
analysis and design procedures in terms of efficiency and accuracy, and better understanding 33 
of the sway behaviour of CFS buildings could lead to greater uptake in the construction 34 
industry. The ability to incorporate the contributions of non-structural components to the lateral 35 
resistance of a CFS building will also be beneficial. 36 
The lateral load resisting system of a CFS building generally comprises either strap-braced 37 
(Eom et al. 2015) or sheathed shear walls (Lam et al. 1997). Currently, CFS lateral load 38 
resisting design codes require the shear walls to take the entire lateral load themselves. This 39 
requirement does not take into account the stiffening effect of non-structural wall sheathing 40 
and other components which are essential for fire and acoustic compliance.  41 
Within the timber industry in the USA, full-scale building testing has been carried out (van de 42 
Lindt et al. 2011) resulting in improvements to design standards and modelling methods. Since 43 
then, full-scale tests of CFS building structures were undertaken in China (Li et al. 2014), Italy 44 
(Fiorino et al. 2017) and at the University at Buffalo, USA, as a part of the National Science 45 
Foundation funded Network for Earthquake Engineering Simulation (NEES) project: CFS-46 
NEES (Schafer et al. 2016). The NEES project involved full-scale two storey shake table tests 47 
of a CFS building at its different construction phases. The fully completed building’s response 48 
was up to 16 times stiffer than that of the earlier construction, which was without non-structural 49 
components (Leng et al. 2017). This result demonstrates the significant and beneficial effect 50 
of non-structural components, and highlights the importance of modelling non-structural 51 
components in the structural analysis.  52 
A number of studies have developed various methods to model CFS shear wall behaviour, 53 
with a focus on seismic response. Shear walls in CFS building structures are commonly 54 
sheathed with Oriented Strand Board (OSB), which is rigid in plane while the wall panel 55 
deforms through the flexibility of the sheathing connections. This behaviour has been 56 
replicated by Buonopane et al. (2014) with the shear walls being modelled using a rigid 57 
diaphragm attached to nonlinear spring elements simulating the fasteners. Bian et al. (2015) 58 
extended this research, using the model to analyse shear and gravity wall systems. A number 59 
of other studies have used a similar method involving the modelling of shear wall connections 60 
(Bian et al. 2015; Buonopane et al. 2014; Fiorino et al. 2018; Niari et al. 2015; Zhou et al. 61 
2010; Telue & Mahendran 2004; Derveni et al. 2019). This fastener-based method can 62 
accurately simulate the behaviour of a shear wall but involves a large number of degrees of 63 
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freedom which may be impractical for full-scale multi-storey building simulations, and may not 64 
be applicable to strap braced shear walls. 65 
To simplify the modelling of shear wall behaviour, shear wall panels have been modelled using 66 
linear frame elements and nonlinear diagonal braces as an equivalent truss (Fülöp & Dubina 67 
2004; Leng 2015; Kechidi & Bourahla 2016; Shamim & Rogers 2013; Fiorino et al. 2018). 68 
Fülöp and Dubina (2004) developed a trilinear hysteretic model using frame elements to 69 
simulate single shear walls. Leng et al. (2017) produced a number of models of varying fidelity 70 
using OpenSees for the CFS NEES building with the characterisation of nonlinear behaviour 71 
for shear walls, gravity walls, interior walls, and semi-rigid floor and roof diaphragms. Wall 72 
components were modelled taking into account the pinching effect in the hysteretic response 73 
on the basis of design equations and sub-system level tests. Leng et al. (2017) extended the 74 
use of equivalent beam column elements by modelling sheathing subpanels. Li et al. (2014) 75 
created a shear wall model based on the restoring force of wall fasteners, represented as an 76 
equivalent bracing. This method has reduced degrees of freedom compared to the fastener-77 
based method, however many elements are still required for each wall in the building.  78 
Further simplification of the shear wall representation has been developed by Martínez-79 
Martínez and Xu (2011) with the use of a 16-node equivalent modulus shell element model 80 
without hold-downs. The equivalent modulus is a representation of the sheathing and stud 81 
properties. A three-storey building was modelled using this method, and the results for lateral 82 
displacements compared favourably against a conventional FEA model. However, no 83 
comparisons were made against laboratory test results.  84 
This paper proposes the use of an equivalent shear modulus four-node orthotropic shell 85 
element to model each wall for the purpose of simulating the elastic sway behaviour of a CFS 86 
multi-storey building, incorporating the lateral stiffness contributions of shear walls as well as 87 
non-structural components. The FE modelling herein will focus on accurately simulating the 88 
elastic stiffness of the system with a view to facilitating the serviceability limit state design of 89 
CFS mid-rise buildings under lateral loading such as wind.  90 
The advantages of the proposed modelling method are twofold. First, it can be used whether 91 
the sheathing is OSB, gypsum or steel sheeting, and it can even be used for strap-braced 92 
shear walls. Second, it is significantly more efficient than the existing modelling methods (Li 93 
et al. 2014; Leng et al. 2017; Bian et al. 2015; Buonopane et al. 2014; Fiorino et al. 2018; Niari 94 
et al. 2015; Zhou et al. 2010; Telue & Mahendran 2004; Fülöp & Dubina 2004; Kechidi & 95 
Bourahla 2016; Shamim & Rogers 2013). A bibliography of proposed numerical models can 96 
be found in a recent paper by Usefi et al. (2019).  97 
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Due to the absence of quasi-static tests, the resulting building model will be verified against 98 
the results of shake table tests undertaken at low level seismic excitations (Schafer et al. 99 
2016), with respect to the natural period, peak storey drift and peak floor acceleration. 100 
Analyses will be taken at two different construction phases in order to demonstrate the lateral 101 
stiffness contributions of gravity walls and their elements.  102 
2. Methodology 103 
2.1 Shear and gravity walls  104 
This paper uses an equivalent shear modulus four-node orthotropic shell element to model 105 
each of the CFS shear and gravity walls. Figure 1 depicts a four-node shell element of height 106 
h and width b, modelling a wall of the same dimension. The thickness t of the shell element is 107 
the same as that of the wall. The deflection of the shell element (i.e. wall) under a horizontal 108 
load F is also depicted in the figure, where δs is the deflection due to shear deformation of the 109 
shell element and δHD is the upward deflection of the hold-down. A hold-down is an anchorage 110 
device used to hold down the bottom track at the chord stud’s location.   111 
   112 
Figure 1: Shell element geometry and deflections 113 
 114 
The total deflection δT of the shell element is given in Eqn (1) where kT is the total lateral 115 
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in which the kHD is the stiffness of the hold-down. 120 
The deflection δs due to shear deformation is given by Eqn (3) where GXZ is the equivalent (in-121 
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The total stiffness kT can be obtained from a laboratory test using Eqn (1), as illustrated in 126 
Section 3.1. Alternatively, it can also be obtained from the analysis of a finely detailed finite 127 
element model of the wall panel. 128 
2.2 Hold-downs 129 
Hold-downs are modelled using spring and gap link elements at the two base nodes of the 130 
shell element. Hold-downs have a very high stiffness in compression, which is simulated by 131 
the gap element. The gap element is massless and is assigned a high stiffness of 107 kN/mm 132 
in the Z direction. In tension, the spring acts with a constant stiffness of 9.93 kN/mm for the 133 
shear wall analysed in the present work (Leng 2015). The hold-downs for gravity walls are 134 
modelled with one tenth of the stiffness of the shear wall hold-downs (Bian et al. 2015). Shear 135 
anchors are not modelled as the hold-downs are restrained in the horizontal directions. 136 
3. Verification 137 
To verify the proposed methodology, a two-storey building (Schafer et al. 2016) was modelled 138 
in ETABS at two construction phases, and the analysis results were compared with the 139 
experimental data and the beam-column analysis results of Leng (2015) for the natural period, 140 
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peak storey drift and peak floor acceleration (Phase 1: A1-3D-SDa, Phase 2b: A2b-3D-SDa). 141 
Shake table test results were used for verification due to the lack of quasi-static tests of full 142 
scale CFS buildings. 143 
3.1 Tested wall stiffness values 144 
The wall stiffness values were derived from the shear and unsheathed gravity wall tests 145 
undertaken as part of the CFS-NEES project (Liu et al. 2014). The tested components had 146 
construction details consistent with those used in the full-scale shake table test (Schafer et al. 147 
2016). The experimental shear wall specimen with OSB sheathing is shown in Fig. 2. 148 
     149 
Figure 2: Experimental specimen with OSB sheathing (Source: (Liu et al. 2014))  150 
 151 
A number of CFS wall types were subjected to monotonic and cyclic loading under 152 
displacement control (Liu et al. 2014). The specimens were 2.74 m high and 1.22 m or 2.44 153 
m long, with either OSB sheathing, gypsum sheathing or no sheathing. The walls were framed 154 
with 600S162-54 studs and S/HDU6 hold-downs with a specified stiffness of 9.93 kN/mm. In 155 
the current study, the stiffness was estimated at a deflection equal to the highest expected 156 
deflection of the full-scale building when tested under low level seismic excitation (Peterman 157 
2014). The total stiffnesses kT of the 1.22 m and 2.44 m long OSB sheathed shear walls with 158 
ledger were found to be 0.785 kN/mm and 2.47 kN/mm, respectively (Liu et al. 2012).  159 
3.2 CFS NEES shake table test  160 
Shake table testing was undertaken for a full-scale two storey CFS framed building as part of 161 
the CFS-NEES project (Schafer et al. 2016). The building was designed using the allowable 162 
strength method for a location in Orange County, California. The specimen was 7 m by 15.2 163 
m in plan and 5.8 m in height. There were several CFS shear walls and gravity walls with and 164 
without window openings. OSB sheathed CFS joist floor and roof panels were used in a ledger 165 
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framing system. The shear walls utilised back-to-back chord studs, and were designed as 166 
laterally decoupled, requiring a hold-down at both ends of each wall segment. Simpson 167 
Strong-Tie S/HDU6 hold-downs were used at the base of the shear walls on the ground floor. 168 
Steel straps were used to transfer horizontal forces from the upper to the lower chords.  169 
Testing was undertaken at a number of different construction phases aiming to quantify the 170 
effects of non-structural components on the building’s structural performance. In this paper, 171 
two of the phases are analysed, denoted as Phase 1 and Phase 2b. 172 
 173 
Figure 3: Phase 1 isometric drawing (Source: (Leng et al. 2017)) 174 
 175 
Phase 1 consisted mainly of structural elements only: single-sided OSB sheathed shear walls, 176 
roof, floor and unsheathed gravity walls, as illustrated in Fig. 3. Phase 2b had the addition of 177 
exterior OSB sheathing on the gravity walls (i.e. sheathed on one side only). However, the two 178 
phases were designed to have similar total weights on the shake table through the use of 179 
supplemental concrete blocks and steel plates. The only (primary) variable affecting the 180 
frame’s responses under shaking was therefore the system stiffness. 181 
Table 1 details the construction differences between the two phases. The framing labels can 182 
be explained through an example of the ground floor shear wall; 600S162-54. ‘600’ is the web 183 
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depth in 100th inches, ‘S’ refers to stud or joist section, ‘162’ is the flange width expressed in 184 
100th inches and ‘54’ is the minimum base metal thickness in 1000th inches. Field stud refers 185 
to any stud that is not a chord stud. 186 
Table 1: Construction details for Phase 1 and Phase 2b buildings 187 
 Phase 1 Phase 2b 
 
Framing OSB OSB 
Floor Diaphragm Joist: 1200S200-97 ● ● 
Roof Diaphragm Joist: 1200S200-54 ● ● 
Shear wall 1 Chord: 2 x 600S162-54 
Field: 600S162-54 
● ● 
Shear wall 2 Chord: 2 x 600S162-54 
Field: 600S162-53 
● ● 
Gravity wall 1 600S162-54 ○ ● 
Gravity wall 2 600S162-33 ○ ● 
Interior wall 362S162-54 ○ ○ 
● = OSB present; ○ = OSB absent 188 
Two ground motion records of the 1994 Northridge earthquake were used in the tests (Schafer 189 
et al. 2016) at a number of scaling levels, being from the Canoga Park and the Rinaldi 190 
receiving stations as provided by the Pacific Earthquake Engineering Research Center 191 
(PEER). The unscaled ground motions are shown in Figure 4, while the actual peak 192 
accelerations analysed in the present work are given in Table 2. As indicated in the table, 193 
different ground motions were applied in the short and long directions. 194 
Table 2: Seismic record data 195 
 196 
 197 
PEER Record CNP106 CNP196 
Direction Y X 
Axis Short Long 
Actual Phase 1 Excitation PGA (g) 0.061 0.083 





Figure 4: Unscaled ground motions CNP106 and CNP196 200 
 201 
In the present work, the natural period was determined using free vibration analysis in ETABS 202 
(Computers and Structures Inc. 2015). To determine the peak storey drift and the peak floor 203 
acceleration, nonlinear time history analysis was used. Analyses were undertaken using 204 
factored seismic records to match the actual Phase 1 and Phase 2b Peak Ground Acceleration 205 
from the shake table tests (Peterman 2014).   206 
3.2.1 Modelling walls, floor and roof 207 
Figure 5 shows the present building model in ETABS, with the blue colour denoting shear 208 
walls and the grey colour, gravity walls. In the tests, chord studs were connected between 209 
storeys with a steel strap, which was modelled in the present work by using a shared node 210 






































Figure 5: Opposing views of 3D building model in ETABS 213 
 214 
The shear moduli for various lengths of shear walls in the building were determined through 215 
interpolation between the 1.22 m and 2.44 m wide shear walls obtained from the laboratory 216 
tests (Liu et al. 2012). For the sheathed gravity walls, due to the absence of laboratory tests, 217 
the elastic stiffness was assumed to be the same as the OSB sheathed shear walls. 218 
Sheathed gravity walls with openings naturally have a reduced stiffness. As there is no test 219 
data available for such walls, the shear modulus of a wall with an opening is factored by the 220 
square root of the proportion of the wall area that is sheathed. For example, a wall with a 55% 221 
sheathed area has a shear modulus equal to 74% of that of a fully sheathed wall that was 222 
tested (Liu et al. 2012). It will not be appropriate to linearly factor the shear modulus as an 223 
opening is typically located centrally within the wall, without reducing the wall width. 224 
The vertical elastic modulus of the shell element EZ was initially assumed to be 5 GPa as it 225 
was around the typical value for OSB panels (Cai & Ross 2010). However, the value can also 226 
be justified through the concept of effective shell areas in compression and tension due to 227 
overturning moment. An effective area is the area on either the windward or leeward side of 228 
the shell element that has an equivalent axial resistance to the chord stud. For a 164 mm thick 229 
shear wall with back-to-back 600S162-54 chord studs, the effective width is equal to 157 mm, 230 
which the authors consider reasonable.  For the gravity wall with a single 600162-54 stud as 231 
an end post, used in the shake table test (Liu et al. 2012), the vertical elastic modulus is equal 232 
to 2.7 GPa for the same effective width. For both shear and gravity walls, the horizontal elastic 233 
modulus is assumed to be 500 MPa, or one tenth of the vertical elastic modulus of a shear 234 
wall as the wall’s horizontal stiffness does not benefit from the presence of studs.  235 
  236 
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Tables 3 and 4 list the properties of the wall components in Phases 1 and 2b, respectively.  237 









Shear Wall 1 164 17.9 – 24.9 5 116 
Shear Wall 2 164 17.9 – 24.9 5 116 
Gravity Wall 1 152 0.3 2.7 77 
Gravity Wall 2 152 0.3 2.7 34 
Interior Wall 92 0.5 2.7 65 
 239 





EZ (GPa) Mass 
(kg/m3) 
Shear Wall 1 164 17.9 – 24.9 5 116 
Shear Wall 2 164 17.9 – 24.9 5 116 
Gravity Wall 1 152 19.3 – 28.1 2.7 103 
Gravity Wall 1 - opening 152 14.3 – 20.8 2.7 103 
Gravity Wall 2 152 14.4 – 21.1 2.7 56 
Gravity Wall 2 - opening 152 10.7 – 15.6 2.7 56 
Interior Wall 92 0.5 2.7 65 
 241 
For simplicity, parapets were not explicitly modelled, but their mass was accounted for as 242 
described in the next paragraph. The floor and roof were modelled as rigid diaphragms using 243 
four-node shell elements that correspond to the wall panel edges. Due to the ledger framing 244 
system, the joints between the floor and the walls are assumed to be pinned.  245 
The masses of the walls, floor and roof were modelled in ETABS through the use of elemental 246 
mass and additional mass. Elemental mass is the self-weight of the components. The 247 
elemental masses of the shell elements are determined by calculating the mass per volume 248 
based on the information provided by Peterman (2014). In calculating the wall mass for Phase 249 
2b, it was assumed there were no openings, so the weight was distributed evenly throughout 250 
each wall type. Additional masses representing the parapet and dummy concrete blocks were 251 
then applied as a surface load in ETABS, equal to that in the testing (Peterman 2014). The 252 
seismic masses of the roof and floor in Phases 1 and 2b are given in Table 5. 253 
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Table 5: Seismic masses 254 
 
Phase 1  
(kg) 
Phase 2b  
(kg) 
Roof 13,370 13,384 
Floor 18,949 19,263 
 255 
A damping ratio of 5% was assumed in all analyses. 256 
3.2.2 Results 257 
The first mode natural periods were determined for both the long (X) and the short (Y) 258 
directions. Figure 6 depicts the first mode shapes. 259 
 260 
Figure 6: First mode of vibration in the short and long directions  261 
 262 
The first mode natural periods found in the shake table tests and the analyses are shown in 263 
Tables 6 and 7 for Phases 1 and 2b, respectively. The percentages in brackets denote the 264 
analysis deviations from the test results. 265 
Table 6: Phase 1 first mode natural periods 266 






X - Long 0.32 0.32 (0%) 0.30 (-6%) 
Y - Short 0.36 0.36 (0%) 0.32 (-11%) 
 267 
Table 7: Phase 2b first mode natural periods 268 






X - Long 0.20 0.21 (+5%) 0.22 (+10%) 




It can be seen that the present analysis results are closer to the test results than Leng’s (2015) 270 
for both construction phases. Both models were able to simulate the significant decreases in 271 
the natural periods due to the increased building lateral stiffness from Phase 1 to Phase 2b, 272 
reflecting the effects of gravity walls and their elements.  273 
Each peak storey drift was determined by averaging the corresponding displacements of the 274 
four corner nodes and dividing the result by the storey height. The X displacement was 275 
measured under seismic excitation in the long direction (CNP196), and the Y displacement 276 
was measured under excitation in the short direction (CNP106). Due to the small magnitude 277 
and susceptibility to random noise, the displacement in the perpendicular direction of each 278 
excitation is not considered. Figure 7 shows the present analysis results for the lower storey 279 
drift in Phase 1.  280 
 281 
Figure 7: Phase 1 lower storey drift in the long direction 282 
 283 
The peak storey drifts are shown in Tables 8 and 9 for Phases 1 and 2b, respectively. The 284 
percentages in brackets denote the analysis deviations from the test results. Drift time history 285 
results were not compared with the test data as the latter was not available. 286 
Table 8: Phase 1 peak storey drifts  287 






X - Long Lower 0.12 0.12 (0%) 0.10 (-17%) 
Y - Short Lower 0.10 0.09 (-10%) 0.08 (-20%) 
X - Long Upper 0.11 0.09 (-18%) 0.03 (-73%) 



















Table 9: Phase 2b peak storey drifts 289 






X - Long Lower 0.04 0.04 (0%) 0.10 (+150%) 
Y - Short Lower -0.08 0.09 (+13%) 0.12 (+50%) 
X - Long Upper -0.04 0.02 (-50%) 0.05 (+25%) 
Y - Short Upper -0.06 0.08 (+33%) -0.05 (-17%) 
 290 
Table 8 shows that the accuracy of the present model for the peak storey drifts in Phase 1 is 291 
not so good as for the natural periods in the same phase, but is better than the beam-column 292 
model of Leng (2015).  293 
In Phase 2b the present model’s results for the upper storey’s peak storey drifts deviated more 294 
from the shake table test results compared to the model of Leng (2015), as shown in Table 9. 295 
For the lower storey, the present model’s peak storey drifts remained reasonably accurate. It 296 
is uncertain why the present model’s deviation for the upper storey is as high as 50%, although 297 
the use of only 1 significant figure was likely a factor. 298 
Each peak floor (or roof) acceleration was determined by averaging the accelerations of the 299 
four corner nodes in the relevant direction, expressed as a fraction of the gravity acceleration. 300 
The peak accelerations of the floor and roof are shown in Tables 10 and 11 for Phases 1 and 301 
2b, respectively.  302 
Table 10: Phase 1 peak floor acceleration 303 






X - Long Floor 0.142 0.100 (-30%) 0.170 (+20%) 
Y - Short Floor 0.085 0.078 (-8%) 0.224 (+164%) 
X - Long Roof 0.177 0.170 (-4%) 0.179 (+1%) 
Y - Short Roof 0.125 0.145 (+16%) 0.228 (+82%) 
 304 
  305 
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Table 11: Phase 2b peak floor acceleration 306 






X - Long Floor 0.106 0.092 (-13%) 0.431 (+307%) 
Y - Short Floor 0.079 0.094 (+19%) 0.630 (+697%) 
X - Long Roof 0.133 0.156 (+17%) 0.398 (+199%) 
Y - Short Roof 0.119 0.187 (+57%) 0.884 (+643%) 
 307 
The deviations from the test results of the present analysis results for the peak floor 308 
accelerations are relatively large compared to the results for the natural periods, but are much 309 
smaller than those of Leng (2015). It appears that peak floor accelerations are more sensitive 310 
to modelling assumptions than natural periods and peak storey drifts. 311 
The deviations in peak floor accelerations of the present analysis results could also be due to 312 
the seismic input that might not exactly represent the shake table tests. The seismic data used 313 
in the present analyses were obtained from the ground motion records shown in Figure 4 and 314 
Table 2 and scaled to match the peak test input. On the other hand, during the shake table 315 
tests, there were likely to be deviations from the intended seismic input.  316 
4. Conclusions  317 
This paper has presented an efficient modelling method for practical 3D elastic analysis of a 318 
multi-storey cold-formed steel building that incorporates the lateral stiffness contributions of 319 
non-structural shear components such as gravity walls and their elements. It represents each 320 
wall with an equivalent shear modulus four-node orthotropic shell element, drastically reducing 321 
the number of degrees of freedom and therefore the analysis time. The entailed modelling 322 
efforts are also significantly less compared to the conventional frame modelling method. 323 
Verification of the resulting building model against published shake table test results of a two-324 
storey building prototype found that the proposed modelling method was able to account for 325 
the lateral stiffness contributions of gravity walls and their elements, and compared favourably 326 
against a published modelling method in terms of accuracy with respect to the natural periods, 327 
the peak storey drifts and the peak floor accelerations at two different construction phases. 328 
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